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Abstract 

The  process  of  connecting  genetic  parts — DNA  assembly — is  a  foundational  technology  for 
synthetic  biology.  Microfluidics  present  an  attractive  solution  for  minimizing  use  of  costly 
reagents,  enabling  multiplexed  reactions,  and  automating  protocols  by  integrating  multiple 
protocol  steps.  However,  microfluidics  fabrication  and  operation  can  be  expensive  and 
requires  expertise,  limiting  access  to  the  technology.  With  advances  in  commodity  digital 
fabrication  tools,  it  is  now  possible  to  directly  print  fluidic  devices  and  supporting  hardware. 
3D  printed  micro-  and  millifluidic  devices  are  inexpensive,  easy  to  make  and  quick  to  pro¬ 
duce.  We  demonstrate  Golden  Gate  DNA  assembly  in  3D-printed  fluidics  with  reaction  vol¬ 
umes  as  small  as  490  nL,  channel  widths  as  fine  as  220  microns,  and  per  unit  part  costs 
ranging  from  $0.61  to  $5.71 .  A  3D-printed  syringe  pump  with  an  accompanying  programma¬ 
ble  software  interface  was  designed  and  fabricated  to  operate  the  devices.  Quick  turn¬ 
around  and  inexpensive  materials  allowed  for  rapid  exploration  of  device  parameters, 
demonstrating  a  manufacturing  paradigm  for  designing  and  fabricating  hardware  for  syn¬ 
thetic  biology. 


Introduction 

Synthetic  Biology  is  a  rapidly  advancing  field  that  is  being  used  to  create  novel  biotechnology 
applications,  next-generation  therapeutics,  and  new  methods  of  scientific  inquiry  [1-3].  The 
commercialization  and  rapid  decline  in  price  of  DNA  sequencing  and  synthesis  technologies 
have  enabled  much  of  this  development.  Solid-phase  DNA  synthesis  has  declined  in  price, 
enabling  researchers  to  routinely  design  and  order  synthetic  DNA  up  to  several  kilobases  in 
length.  However,  assembly  of  these  molecules  into  larger  constructs  remains  an  essential  tech¬ 
nique.  Indeed,  DNA  assembly  is  necessary  to  generate  complex  single-gene  and  multi-gene 
constructs  [4-6],  to  create  functionally-diverse  part  combinations  (e.g.,  gene  clusters  with 
libraries  of  RBSs  and  promoters  [7,8]),  to  “shuffle”  homologous  proteins  at  specific  recombina¬ 
tion  points  (e.g.,  shuffling  of  three  trypsinogen  homologues  [9]),  and  to  explore  higher-order 
effects  of  genetic  architectures  (e.g.,  the  position  and  orientation  of  transcription  units  [7]). 
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Recent  advances  in  “one-pot”  DNA  assembly  methods,  such  as  Golden  Gate  assembly  [10], 
have  made  assembling  complex  genetic  constructs  simpler. 

Most  practitioners  perform  DNA  assembly  reactions  by  traditional  laboratory  techniques 
employing  manual  pipettors.  Microfluidics  presents  an  opportunity  to  automate  and  parallelize 
DNA  assembly  reactions  and  reduce  reagent  volumes.  Researchers  have  previously  demon¬ 
strated  synthesis  of  several  distinct  genes  in  parallel  microfluidic  reactors  (as  small  as  500  nL) 
[11-13].  These  devices  employed  polymerase  construction  and  amplification  (PCA)  to  assem¬ 
ble  genes  from  pools  of  oligonucleotides,  a  process  that  requires  in  situ  thermocycling.  More 
recently,  researchers  have  demonstrated  one-pot  and  hierarchical  DNA  assembly  in  microflui¬ 
dic  devices  to  generate  libraries  of  DNA  constructs  [14].  All  devices  used  for  gene  synthesis 
and  DNA  assembly  have  been  manufactured  using  polydimethylsiloxane  (PDMS)  replica 
molding,  a  common  approach  for  microfluidic  device  fabrication. 

Design  and  fabrication  of  molded  PDMS  devices  is  time-consuming  and  expensive.  A  recent 
study  estimates  that  the  labor  and  material  costs  of  a  new  single  layer  PDMS  microfluidic  is 
one  day,  and  $215  [15].  The  cost  and  complexity  of  fabricating  and  using  PDMS  microfluidic 
devices  has  slowed  adoption  even  though  the  technology  shows  tremendous  potential  for  the 
miniaturization  and  fine  control  of  liquids.  The  duration,  complexity  and  cost  of  the  design, 
build,  and  test  cycle  for  replica  molded  PDMS  microfluidics  makes  rapid  prototyping  challeng¬ 
ing  and  limits  the  accessibility  of  this  technology  for  non-experts. 

3D  printing  provides  a  potential  one-step  manufacturing  approach  for  fabricating  micro¬ 
fluidic  devices  to  run  DNA  assembly  reactions.  Micro-  and  millifluidics  have  been  printed 
using  fused-deposition  modeling  (FDM)  of  thermoplastics  [16,17],  stereolithography  (SLA) 
[15,18-21],  and  inkjet  printing  of  photo-curable  polymers  [22-25],  Devices  have  been  built  for 
less  than  $1  per  device  in  only  a  few  hours  [16], [19],  Numerous  desktop  FDM  and  SLA  printers 
are  marketed  between  $349  to  $6000  [26-28].  On-demand  3D  printing  services,  such  as  Shape- 
ways,  can  print  objects  in  a  range  of  plastic  polymers  at  a  material  cost  between  $0.28-5.99  per 
cubic  centimeter  [29].  Internal  channel  diameters  in  3D  printed  microfluidics  have  been 
reported  as  low  as  100  microns  [24],  However,  DNA  assembly  has  not  been  demonstrated  in 
3D  printed  fluidics.  Moreover,  the  compatibility  of  3D-printed  materials  with  nucleic  acids  has 
not  been  reported. 

3D  printing  has  another  additional  advantage  for  printing  fluidics.  3D  design  files  are  easily 
shared  on  the  web,  allowing  practitioners  with  access  to  a  3D  printer  to  download  and  print 
fluidic  devices  and  collaborate  on  new  designs.  There  are  many  examples  of  3D-printed  lab- 
ware  that  are  shared  on  the  web,  including  a  centrifuge  (DremelFuge  [30]),  optics  equipment 
[31],  syringe  pumps  [32]-[33],  a  colorimeter  [34],  and  a  turbidostat  [35].  Our  goal  here  is  to 
allow  synthetic  biologists  to  download  and  3D  print  devices  that  can  be  used  to  parallelize  and 
automate  DNA  assembly  reactions. 

In  this  work,  we  demonstrate  Golden  Gate  DNA  assembly  in  3D-printed  fluidic  devices  (Fig 
1).  We  printed  the  devices  using  two  methods:  a  desktop  SLA  3D  printer  (Form  1+,  Form  Labs, 
Somerville,  Massachusetts)  and  an  on-demand  3D  printing  service  (Shapeways,  New  York, 
New  York).  The  design  files  for  all  devices  can  be  found  in  the  website  ‘Metafluidics’  (www. 
metafluidics.com).  The  smallest  printed  device  had  a  channel  width  of  220  microns  and  reactor 
volume  of  490  nL.  We  designed  the  micro-  and  millifluidics  to  mix  linear  double  stranded 
DNA  with  enzymes  to  assemble  plasmids  via  Golden  Gate  biochemistry.  The  assembly  reac¬ 
tions  occurred  at  room  temperature,  eliminating  the  need  for  an  incubator.  We  then  trans¬ 
formed  the  assembled  plasmids  into  E.  coli  and  compared  the  number  of  transformants  to  a 
tube  control. 

A  bespoke,  3D-printed  syringe  pump  operated  the  fluidic  devices  (S5-S10  Figs).  The 
pump’s  mechanical  components  were  3D  printed  using  a  desktop  FDM  3D  printer  (MakerBot 
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Fig  1 .  DNA  assembly  in  3D-Printed  Fluidics.  Two  linear  DNA  segments  were  used,  a  constitutively  expressed  yellow  fluorescent  protein  (YFP)  reporter, 
and  a  plasmid  backbone  containing  an  ampicillin  selection  marker  (AMP)  and  origin  of  replication  (ORI).  Each  linear  segment  was  amplified  using 
polymerase  chain  reaction  (PCR),  prior  to  assembly.  The  linear  segments  were  inserted  into  one  inlet  of  the  fluidic  device.  Golden  Gate  reagent  mix 
(enzymes  Bsal  and  T4  Ligase,  in  T4  Ligase  buffer)  were  inserted  into  the  other.  The  two  inputs  were  pulled  into  the  device  and  mixed  via  co-laminar  diffusion. 
After  a  90-minute  room  temperature  incubation,  the  reaction  products  were  removed  from  the  device  and  then  transformed  into  E.  coli.  This  experiment  was 
performed  with  all  three  device  designs  (Fig  2).  To  control  for  device  mixing  efficacy,  assemblies  were  also  performed  in  the  devices  in  which  the  linear  DNA 
segments  and  Golden  Gate  enzyme  mix  were  mixed  off-device  prior  to  the  experiment.  Detailed  visual  protocols  for  running  this  experiment  in  the  SW-FUD 
devices  can  be  found  in  SI  Fig. 

doi :  1 0. 1 371  /journal .  pone.0143636.g001 


Replicator  2,  MakerBot  Industries,  Brooklyn,  New  York)  and  the  pump  was  controlled  by  a 
custom  control  board  (S9  Fig)  fabricated  using  a  desktop  CNC  mill  (Roland  Modela  MDX-20 
CNC  mill,  Roland  DG  Corporation,  Hamamatsu,  Japan)  running  Arduino  firmware.  A  user 
interface  (S10  Fig)  enabled  the  user  to  control  the  pump  via  USB  (S6  Fig). 

We  designed  both  the  fluidic  devices  and  syringe  pump  using  rapid  and  collaborative  design 
iterations,  enabled  by  the  use  of  desktop  3D  printers  and  on-demand  printing  services.  We 
tested  and  re-designed  each  fluidic  device  multiple  times  before  arriving  at  the  final  forms  (S4 
Fig).  The  final  designs  of  the  3D-printed  micro-  and  millifluidic  mixers,  the  syringe  pump,  and 
the  control  software  are  available  in  the  supplementary  information. 


Results 

3D  printed  micro-  and  millifluidic  device  design  and  characterization 

Three  fluidic  devices  were  designed  and  fabricated  to  conduct  DNA  assemblies:  a  Co-Laminar 
Mixer  printed  on  the  Form  1+,  a  3D  Micromixer  printed  on  the  Form  1+,  and  a  Co-Laminar 
Mixer  printed  using  Shapeways  Frosted  Ultra  Detail  material  (SW-FUD)  (Fig  2).  Each  printing 
method  has  advantages.  The  Form  1+  affords  rapid  and  inexpensive  design  iterations  and  near 
optical  clarity  using  the  “Clear”  Photoactive  Resin.  The  build  volume  of  the  Forml-t  is  125  x 
125  x  165  mm  (X  x  Y  x  Z)  and  the  manufacturer  claims  a  minimum  lateral  laser  beam  size  of 
10  microns  and  feature  size  of  300  microns  [27].  The  PreForm  software  package  for  the  Forml 
+  offers  four  z-resolution  steps  for  printing:  25,  50, 100  and  200  microns.  We  found  no 
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Fig  2.  Fluidic  devices  printed  using  the  Form  1+  and  Shapeways  Frosted  Ultra  Detail.  DNA  assembly  was  tested  in  three  fluidic  device  designs:  (A)  the 
Form  1  +  Co-Laminar  Mixer,  (B)  the  Form  1  +  3D  Micromixer,  and  (C)  the  SW-FUD  Co-Laminar  Mixer  (scale  bar:  1  mm).  The  Form  1  +  devices  were  designed 
with  1 .5  mm  diameter  circular  channels  and  the  SW-FUD  device  was  designed  with  a  300-micron  square  channel. 

doi:  1 0. 1 371  /journal  .pone.0 1 43636.g002 


measurable  difference  in  resolution  between  25  and  50  microns;  a  50-micron  step  size  was  used 
for  all  prints.  For  printing  internal  channels,  no  internal  supports  were  required. 

The  highest  resolution  printing  material  offered  by  Shapeways  is  Frosted  Ultra  Detail 
(FUD),  a  UV-cured  acrylic  polymer.  The  minimum  embossed  or  engraved  feature  for 
SW-FUD  is  100  microns.  The  printer  accuracy  is  +/-  25  to  50  microns  for  every  2540  microns 
[29] .  Frosted  Ultra  Detail  is  printed  with  wax  support  for  external  and  internal  features,  which 
was  removed  using  a  hot  water  ultrasonic  cleaning. 

We  printed  resolution  test  pieces  using  the  Forml+  and  SW-FUD  to  determine  the  mini¬ 
mum  internal  channel  dimensions  (S2  Fig).  The  resolution  test  piece  was  designed  with  10  cir¬ 
cular  channels  ranging  in  diameter  from  1.9  to  0.1  mm  and  12  square  channels  ranging  in 
width  from  1.15  to  0.05  mm.  All  channels  were  designed  to  be  the  length  of  the  test  piece,  40 
mm.  For  the  Form  1+,  the  smallest  diameter  circular  channel  that  cleared  was  0.9  mm  and  the 
smallest  square  channel  that  cleared  was  0.65  mm  (measurements  in  CAD).  For  SW-FUD,  the 
smallest  cleared  circular  channel  was  0.3  mm  and  the  smallest  cleared  square  channel  was  0.25 
mm.  These  channel  dimensions  are  similar  to  the  minimum  channel  dimensions  reported  in 
previous  studies  that  printed  internal  channels  using  SLA  and  inkjet  printing  [19,24]. 

Devices  were  designed  to  mix  the  reagents  via  co-laminar  diffusion  and  3D  micromixing. 
The  syringe  pump  pulled  reagents  into  the  device  from  the  two  inlet  chambers.  The  two 
reagents  in  the  Forml+  and  SW-FUD  devices  mixed  while  being  pulled  through  the  long  chan¬ 
nel  and  during  incubation.  The  design  of  the  Forml+  3D  Micromixer  was  inspired  by  previous 
3D  passive  micromixers  that  have  been  designed  and  fabricated  using  multiple  layers  of  2D 
substrates  [36]. 

The  Form  1+  devices  (Fig  2A  and  2B)  featured  internal  channels  that  were  designed  to  be 
1.5  mm  in  circular  diameter  and  measured  to  be  1.30  mm  (standard  deviation:  0.12  mm)  (SI 
Table).  These  devices  took  3-4  hours  to  print  and  the  materials  cost  per  device  was  approxi¬ 
mately  $1.  The  SW-FUD  Co-Laminar  device  (Fig  2C)  was  designed  to  have  a  300-micron 
square  channel  and  a  reactor  volume  of  910  nL.  The  average  side  length  of  the  cross-sections 
(S3I-S3L  Fig)  was  220  microns  (standard  deviation  of  60  microns)  (SI  Table).  Given  this  aver¬ 
age  side  length,  the  average  reactor  volume  of  the  printed  SW-FUD  devices  was  490  nL  (stan¬ 
dard  deviation  of  140  nL).  The  devices  cost  $5.71  each  on  Shapeways  with  a  delivery  time 
ranging  from  2-10  days. 
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To  investigate  the  surface  roughness  of  each  printing  method,  scanning  electron  microscope 
images  (SEMs)  were  taken  of  two  test  pieces  printed  using  both  fabrication  methods.  The  two 
test  pieces  featured  open  channels  designed  to  be  300  and  1500  microns  wide.  The  open  chan¬ 
nels  printed  using  SW-FUD  (Fig  3C  and  3D)  were  less  deformed  and  showed  less  surface 
roughness  than  parts  printed  on  the  Forml+  (Fig  3A  and  3B).  Striations  were  clearly  visible  in 
all  test  pieces  and  their  orientation  appears  to  effect  surface  roughness. 

The  usability  and  performance  of  the  fluidic  devices  were  improved  through  these  design 
iterations.  Thirteen  versions  of  the  Form  1+  3D  Micromixer,  five  versions  of  the  Form  1+  Co- 
Laminar  Mixer,  and  three  versions  of  the  SW-FUD  Co-Laminar  Mixer  were  designed,  fabri¬ 
cated,  and  tested  (S4  Fig).  Fig  4  shows  five  versions  of  the  Forml-t-  3D  Micromixer.  Originally, 
reagents  were  pushed  through  device  inlets  (Fig  4A  and  4B),  which  required  pushing  both 
inputs  into  the  device  at  the  same  time.  Devices  were  redesigned  to  pull  reagents  from  the  out¬ 
let.  To  interface  tubing  (0.060  in  OD,  Tygon  Microbore,  Saint-Gobain,  Courbevoie,  France) 
with  the  fluidic  hardware,  a  press-fit  interface  (1.5  mm  hole  with  0.15  mm  diameter,  98  degree 
chamfer)  was  designed.  This  interface  worked  reliably  for  the  Forml+  printed  parts;  however, 
leaks  occasionally  occurred  in  SW-FUD  devices,  likely  due  to  the  higher  pressure  required  to 
push  fluid  through  the  smaller  channel.  Other  studies  have  3D-printed  standard  Luer  fittings 
[15,19,22,23,25]  into  the  devices,  which  prevent  leaks  but  adds  dead  volume.  A  press  fit  inter¬ 
face  for  a  23-gauge  dispensing  needle  was  also  designed  in  the  inlets  and  outlets  of  the 
SW-FUD  device.  This  interface  was  used  to  clear  wax  out  of  the  channels  by  aspirating  the 
melted  wax  and  hot  water  through  the  device. 


Design  and  testing  of  the  3D  printed  syringe  pump 

We  operated  the  microfluidic  devices  using  an  open-source,  3D  printed  syringe  pump  (S5-S10 
Figs).  The  syringe  pump  has  three  components:  the  mechanical  parts,  a  circuit  board  (S9  Fig), 
and  a  user  interface  (S10  Fig).  The  mechanical  parts  consisted  of  a  stepper  motor,  threaded 
rod,  and  3D  printed  parts.  The  3D  printed  parts  were  designed  in  SolidWorks  and  printed 
using  the  Makerbot  Replicator  2X.  The  parts  were  modular  and  included  parts  printed  for  dif¬ 
ferent  syringe  sizes  (S8  Fig).  The  material  cost  of  the  printed  parts  was  $10.1 1.  The  electronics 
were  custom  designed  in  EagleCAD  and  the  circuit  board  was  milled  using  a  Roland  Modela 
MDX-20  desktop  CNC  mill.  Surface  mounted  components,  including  an  Atmel  ATMega328P 
microcontroller  and  Allegro  A3909  stepper  motor  driver,  were  soldered  onto  the  milled  circuit 
board  (S9  Fig).  Custom  Arduino-based  firmware  was  written  to  take  commands  from  a  com¬ 
puter  via  USB  and  then  control  the  stepper  motor  (S6  Fig).  A  user  interface  was  written  in  Pro¬ 
cessing  to  command  the  pump  (S10  Fig).  The  user  specified  the  volumetric  flow  rate  and 
desired  flow  volume  and  commanded  the  syringe  pump  to  either  pull  or  push  fluid.  The  total 
bill  of  materials  cost  of  the  pump  was  $56.63  and  the  full  bill  of  materials  is  in  S2  Table. 

Performance  and  usability  improvements  were  made  to  the  syringe  pump  through  many 
design  iterations.  We  designed  the  mechanical  components  of  the  syringe  pump  to  assemble 
without  fasteners,  making  assembly  far  simpler.  This  feature  along  with  the  custom  PCB  board 
lowered  costs.  The  overall  bill  of  materials  cost  37-63%  less  than  previously  published  open- 
source  syringe  pumps  [32]. 


Golden  Gate  DNA  assembly  in  3D  printed  fluidics 

For  each  of  the  three  fluidic  designs,  we  employed  Golden  Gate  DNA  assembly  to  construct  a 
bacterial  plasmid  from  two  pieces  of  linear  double  stranded  DNA.  One  piece  encodes  a  plasmid 
backbone  with  a  p!5A  medium-copy  number  origin  of  replication  and  ampicillin  resistance 
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Fig  3.  Scanning  electron  microscopy  of  open  channels  printed  using  the  Form1  +  (A  and  B)  and  Shapeways  Frosted  Ultra  Detail  (C  and  D).  Each 
piece  was  designed  to  be  5  mm  on  a  side.  Channels  were  designed  to  be  1 500  microns  wide  in  A  &  C  and  300  microns  wide  in  B  &  D. 

doi:  1 0. 1 371  /journal  .pone.0 1 43636.g003 


marker  and  the  second  piece  encodes  a  constitutive  promoter  driving  the  expression  of  a  yellow 
fluorescent  protein  (YFP). 

Each  fluidic  device  was  used  to  mix  two  volumes:  a  solution  containing  both  pieces  of  DNA 
in  ligase  buffer  and  a  solution  containing  Bsal  restriction  enzyme  and  T4  DNA  ligase  in  ligase 
buffer  (Fig  2).  The  two  solutions  were  drawn  into  each  fluidic  device  using  the  3D  printed 


A  B  C 


D 


E 


Fig  4.  Design  evolution  of  the  3D  Micromixer.  Many  designs  were  created  and  tested  for  each  of  the  three 
fluidic  devices  (Fig  2)  used  in  the  DNA  assembly  experiments.  Five  (A-E)  of  1 3  iterations  of  the  Form  1  +  3D 
Micromixer  (Fig  2B)  can  be  seen  above.  Several  design  changes  can  be  seen  A-E:  The  design  of  the  3D 
micromixer  was  changed  from  a  recti-linear  channels  with  square  cross-sections  (A-B)  similar  to  previous  3d 
micromixer  designs  [1 9,36,37],  to  a  design  using  a  circular  cross-section  and  smooth  curves  (C-E).  A  mount 
held  the  initial  designs  (A-B);  later  versions  (C-E)  stood  freely  on  a  base.  All  1 3  iterations  are  in  S4  Fig 
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syringe  pump,  mixed,  and  then  incubated  within  the  device  for  90  minutes  at  room  tempera¬ 
ture.  We  transformed  unpurified  assembly  reactions  into  E.  coli,  plated  serial  dilutions  on  agar 
media  with  antibiotics  for  plasmid  selection,  and  then  counted  the  number  of  colony-forming 
units  (CFUs)  for  each  assembly  reaction  (Table  1).  For  all  devices,  negative  controls  that 
included  both  DNA  segments  but  omitting  enzymes  yielded  no  colonies.  Positive  controls — in 
which  the  components  were  mixed  together  by  pipette  and  incubated  in  a  PCR  tube — yielded 
an  average  of  1.60  x  10s  CFUs.  To  investigate  whether  the  3D  printed  photopolymer  material 
inhibited  the  assembly,  we  incubated  reactions  that  were  pre-mixed  by  pipette  in  each  device. 
For  both  the  Form  1+  and  SW-FUD  devices,  there  was  no  significant  difference  in  the  number 
of  CFUs  from  these  experiments  compared  to  the  in-tube  positive  controls. 

We  counted  the  number  of  CFUs  yielded  from  each  of  the  assembly  reactions  mixed  within 
the  microfluidic  devices.  Colony  counts  varied  significantly  from  device — to — device,  though 
overall  no  significant  difference  was  apparent  in  the  number  of  CFUs  compared  to  the  in-tube 
positive  control.  The  SW-FUD  devices  that  mixed  the  DNA  and  enzymes  in  the  device  yielded 
an  average  of  2.53  x  105  CFUs  (Table  1).  Due  to  the  high  variability  in  CFUs  per  transformation 
for  all  experiments  (Table  1,  column  Sa),  the  data  should  not  be  used  as  a  quantitative  bench¬ 
mark  comparing  the  efficacy  of  DNA  assembly  between  the  fluidic  devices  or  between  the  flu¬ 
idic  devices  and  the  tube  control.  Rather,  we  conclude  from  these  experiments  that  performing 
Golden  Gate  assembly  in  these  novel  device  formats  does  not  seem  to  significantly  interfere 
with  the  process  compared  to  standard  methods.  All  data  from  the  experiments  are  available  in 
the  supplementary  information  (S3  Table).  Despite  different  reactor  volumes  between  the 
SW-FUD  and  Forml+  devices,  similar  ranges  of  CFUs  were  observed  for  each  device  format, 
suggesting  that  the  amount  of  DNA  was  saturating  in  the  transformation.  We  grew  five  fluores¬ 
cent  colonies  from  Forml+  device  assemblies,  purified  plasmid  from  the  cultures,  and 
sequenced  the  assembly  junctions  and  YFP  insert.  The  assembly  junctions  for  each  plasmid 
were  free  of  sequence  defects. 

Discussion 

This  work  accomplished  three  goals:  (1)  demonstrate  iterative  development  of  3D-printed  flu¬ 
idic  devices;  (2)  characterize  the  performance  of  two  types  of  3D  printing,  the  Forml+  SLA 
Desktop  printer  and  Shapeways  Frosted  Ultra  Detail,  for  creating  micro-  and  millifluidics;  and 
(3)  validate  the  efficacy  of  3D-printed  fluidic  devices  for  performing  Golden  Gate  DNA  assem¬ 
bly.  More  broadly,  this  study  shows  the  compatibility  of  the  devices  and  materials  for  enzy¬ 
matic  reactions  of  interest  to  synthetic  biology. 

Iterative  development  of  3D  printed  fluidic  devices 

Over  the  course  of  this  project,  we  demonstrated  that  the  speed,  simplicity,  and  low  expense  of 
3D  printing  enabled  the  iterative  development  of  3D-printed  fluidics  and  syringe  pump  hard¬ 
ware.  Each  fluidic  design  was  less  than  $6  to  print  and  fluidics  printed  on  the  Forml+  required 
a  few  hours  to  print.  As  a  result,  many  iterations  of  each  fluidic  device  were  designed,  fabricated 
and  tested.  Fig  4  displays  some  design  iterations  of  the  3D  Micromixer,  fabricated  on  the  Form 
1+  (all  design  iterations  are  in  S4  Fig).  To  develop  the  syringe  pump,  numerous  versions  of  the 
mechanical  components  and  PCB  board  (S9  Fig)  were  fabricated  using  3D  printing  and  CNC 
milling. 

This  project  is  also  an  example  of  the  development  process  for  open  labware  [38] .  The 
design,  fabrication,  and  implementation  of  the  3D -printed  fluidic  hardware  began  in  an  MIT 
course  in  January  2014,  and  then  continued  as  collaboration  between  three  different  MIT  labs 
(Lincoln  Laboratory,  Synthetic  Biology  Center,  Media  Lab).  These  laboratories  each  had 
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Table  1 .  Colony  forming  units  of  E.  coli  transformed  with  golden  gate  products  and  grown  on  ampicillin  plates  for  each  of  the  3D  printed  fluidics. 

Device  Assembly  Reaction 

No.  of  Samples 

Mean  CFU  (x  105) 

Sa  (x105) 

Tube  control 

No  enzyme 

4 

0.00 

0.00 

Enzyme  &  DNA 

7 

1.60 

0.80 

Form  1+  co-laminar 

No  enzyme 

1 

0.00 

0.00 

Off  device  mixb 

6 

1.42 

0.83 

On  device  mixc 

5 

1.30 

1.20 

Form  1+  micromixer 

No  enzyme 

1 

0.00 

0.00 

Off  device  mixb 

5 

1.74 

1.42 

On  device  mixc 

7 

1.71 

1.54 

Shapeways  co-laminar 

No  enzyme 

1 

0.00 

0.00 

Off  device  mixb 

5 

1.79 

1.67 

On  device  mixc 

5 

2.53 

0.52 

a.  Standard  deviation. 

b.  Golden  Gate  enzymes  and  DNA  mixed  off  device  and  incubated  on  device. 

c.  Golden  Gate  enzymes  and  DNA  mixed  on  device  and  incubated  on  device. 
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common  3D  printing  infrastructure,  enabling  the  exchange  of  digital  design  files  and  local 
printing.  Adoption  of  3D  printers  continues  to  grow,  enabling  more  researchers  to  design, 
download,  print,  and  use  open  labware.  The  design  files  for  all  of  the  devices  presented  in  this 
work  can  be  found  in  ‘Metafluidics’  (www.metafluidics.com),  an  open  repository  of  design  files 
for  microfluidics. 

Other  than  the  necessary  3D  printing  infrastructure,  other  barriers  remain  for  the  co-devel¬ 
opment  of  3D-printed  open  labware.  First,  CAD  remains  a  large  barrier  for  many  potential 
designers.  Fluidic  devices,  in  particular,  are  challenging  to  design  because  they  require  complex 
3D  forms.  The  authors  of  this  study  had  multiple  years  of  experience  working  with  SolidWorks. 
Many  biologists  interested  in  designing  fluidics  will  likely  not  have  similar  experience.  To  over¬ 
come  this  barrier,  microfluidic-specific  3D  CAD  tools  could  be  created  to  make  fluidic  design 
more  accessible.  A  tool  that  uses  a  library  of  microfluidic  parts  that  can  be  dragged  and 
dropped  in  a  visual  user  interface  may  be  particularly  useful.  Second,  open  labware  tools  that 
require  multiple  fabrication  machines,  such  as  the  syringe  pump  created  for  this  project,  are 
more  challenging  to  fabricate  and  require  additional  skills  to  build.  Creating  hardware  kits  that 
can  be  purchased,  assembled,  and  modified  may  promote  the  dissemination  of  these  types  of 
tools.  The  OpenPCR  platform  [39]  is  a  successful  implementation  of  this  strategy. 

Performance  of  Form1  +  and  Shapeways-Frosted  Ultra  Detail  for  printing 
micro  and  millifluidics 

The  second  aim  of  this  work  was  to  characterize  the  performance  of  the  Forml+  and  SW-FUD 
for  printing  micro-  and  millifluidics.  Overall,  device  performance  was  consistent  with  previ¬ 
ously  reported  devices  printed  using  stereolithography  and  inkjet  printing.  Two  reports  pub¬ 
lished  during  our  investigation  used  digital  light  projection  (DLP)  stereolithography  to  print 
square  fluidic  channels  as  small  as  200-300  microns  wide  [15,19],  smaller  than  the  minimum 
square  channel  dimension,  650  microns,  printed  using  the  Form  1+.  Instead  of  DLP,  the  Form 
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1+  uses  galvanometers  to  steer  laser  light  into  the  unpolymerized  resin.  This  suggests  that  desk¬ 
top  DLP  stereolithography  machines,  such  as  the  MiiCraft  [40]  (MiiCraft,  Taiwan),  Titan  1 
[41]  (Kudo3D,  Pleasanton,  CA),  and  Projet  1200  [42]  (3D  Systems,  Rock  Hill,  South  Carolina), 
may  be  more  effective  than  the  Forml+  for  printing  the  smahest  internal  channel  dimensions. 
However,  the  Forml+  has  a  larger  build  area  than  these  desktop  DLP  printers  and  has  begun 
marketing  flexible  resins,  which  could  be  used  to  print  elastomeric  fluidic  devices.  Although 
Shapeways  does  not  publicly  state  the  machines  they  use  for  their  various  materials,  the 
SW-FUD  material  is  likely  printed  using  the  3D  Systems  Projet  HD  3000  (3D  Systems,  Rock 
Hill,  South  Carolina)  [43],  a  high-resolution  inkjet  printer.  A  previous  report  used  this  printer 
to  make  internal  square  channels  between  100-1000  microns  [24],  consistent  with  our  results. 

For  both  the  SW-FUD  and  Forml+  devices,  the  geometry  of  the  internal  channel  cross  sec¬ 
tions  varied  from  part  to  part  (S3  Fig).  This  finding  was  similar  to  reports  from  previous  studies 
[15,19].  One  study  found  that  print  orientation  affects  the  geometry  of  the  printed  channels 
[15],  Print  orientation  was  not  controlled  in  the  fabrication  of  the  Forml+  devices  and  was 
unknown  for  the  SW-FUD  devices.  Therefore,  it  is  possible  that  print  orientation  was  a  con¬ 
tributing  factor  for  part-to-part  variability. 


Efficacy  of  Forml  +  and  SW-FUD  fluidic  devices  for  performing  Golden 
Gate  DNA  assembly 

The  assembly  products  from  both  the  Form  1+  and  SW-FUD  fluidic  devices  yielded  tens  of 
thousands  of  transformants.  Both  pre-mix  and  on-device  mix  conditions  produced  similar  or 
greater  numbers  of  transformants  than  in-tube  controls.  These  results  demonstrate  a  proof-of- 
principle  that  3D  printed  devices  can  adequately  mix  the  Golden  Gate  enzymes  and  DNA  and 
that  the  Golden  Gate  biochemistry  proceeds  successfully  in  these  materials  with  these  geome¬ 
tries.  However,  we  did  not  find  differences  between  the  fluidic  devices  and  the  positive  control 
in  assembly  efficacy.  Future  work  could  investigate  differences  in  assembly  efficacy  across  the 
design  parameter  space — e.g.  material  choice,  fabrication  method,  internal  diameter  and  geom¬ 
etry — by  using  quantitative  PCR  of  the  assembled  junction  versus  the  backbone. 

In  this  work,  we  assembled  two  pieces  of  DNA  in  the  3D-printed  fluidic  devices — a  method 
that  could  easily  be  done  in  a  larger  test  tube  by  hand.  However,  the  devices  could  be  extended 
in  future  work  to  improve  the  utility  of  this  method  versus  a  manual  workflow.  First,  the 
Golden  Gate  biochemistry  is  extensible  to  larger  assemblies  and  has  been  used  to  generate  con¬ 
structs  with  many  pieces  [7,9,10].  Thus,  these  devices  or  similar  ones  could  be  used  to  assemble 
more  complex  genetic  circuits  using  the  same  method.  Secondly,  these  devices  could  be  inte¬ 
grated  into  a  full  synthetic  biology  workflow  that  includes  PCR  of  linear  segments  of  DNA  and 
bacterial  transformation.  Separate  3D-printed  parts  could  be  designed  for  each  of  these  steps 
and  then  integrated  into  a  full  workflow.  Similar  integrated,  3D-printed  fluidic  systems  have 
recently  been  reported  but  have  not  been  used  for  biochemical  reactions  with  DNA  [18,24], 
Programmable,  multi-step  fluid  operations  could  be  handled  using  3D  printed  valves,  which 
have  also  recently  been  demonstrated  [20,21,44], 

In  addition  to  printing  fluidics  used  in  a  synthetic  biology  workflow,  3D  printing  could  pro¬ 
vide  an  alternative  method  for  manufacturing  disposable  micro  fluidic  chips  used  in  point- of- 
care  diagnostics  [45,46],  including  nucleic  acid  analysis  [47-49].  Many  disposable  microfluidic 
devices  are  manufactured  using  injection  molding  and  hot  embossing,  enabling  low  per-unit 
cost  at  high  volumes.  However,  initial  tooling  costs  are  high,  around  $15,000  for  a  single  layer 
device  [15],  increasing  costs  for  low  to  medium  volume  production.  3D  printing  is  an  attractive, 
alternative  manufacturing  approach  for  low-to-medium  volumes  given  the  low  initial  cost  of 
desktop  3D  printers,  low  per-unit  device  cost,  and  the  ability  to  rapidly  iterate  on  device  design. 
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Conclusions 

This  project  demonstrated  that  the  Shapeways-Frosted  Ultra  Detail  and  Forml+  3D-printed 
devices  are  compatible  with  Golden  Gate  DNA  assembly  reactions.  This  finding  is  a  step 
towards  creating  open,  inexpensive  and  rapidly  produced  3D-printed  microfluidic  devices  that 
can  perform  a  synthetic  biology  workflow.  The  project  also  demonstrated  how  3D  printing 
enables  open,  collaborative  and  rapid  design  of  fluidics.  Limitations  currently  exist  with  print¬ 
ing  fluidics  using  desktop  3D  printers  and  on-demand  printing  services,  particularly  print  reso¬ 
lution  and  part-to-part  variability.  However,  3D  printing  technology  is  rapidly  improving  due 
to  considerable  academic  and  commercial  interest  and  these  limitations  could  be  overcome  as 
the  technology  develops. 

Materials  and  Methods 

Designing  &  3D  printing  fluidic  devices 

Fluidic  devices  were  designed  using  SolidWorks  (Dassault  Systemes  SolidWorks  Corp,  Wal¬ 
tham,  Massachusetts).  Micro  and  millifluidic  CAD  designs  were  printed  using  two  approaches: 
(1)  desktop  stereolithography  printing  using  the  Forml+  (Formlabs,  Somerville,  Massachu¬ 
setts)  and  (2)  on-demand  printing  using  Shapeways  (Shapeways,  New  York,  New  York) 

Frosted  Ultra  Detail  (SW-FUD)  material. 

STL  files  were  generated  in  Solidworks.  For  3D  printing  on  the  Form  1+,  STL  files  were 
opened  in  Form  Lab’s  PreForm  software.  The  software  was  used  to  automatically  orient  the 
devices  and  generate  supports.  All  devices  printed  on  the  Forml+  were  printed  using  Form 
Labs  Clear  Resin  (formulation:  FLGPCL02)  with  a  z-resolution  of  0.05  mm.  For  3D  printing 
using  Shapeways,  STLs  were  uploaded  to  www.shapeways.com  and  Frosted  Ultra  Detail  mate¬ 
rial  was  selected.  For  printing,  the  “print  it  anyway”  option  was  selected.  All  design  files  can  be 
found  in  ‘Metafluidics’  (www.metafluidics.com),  an  open-repository  of  design  files  for  fluidic 
systems. 

Post-processing  devices  to  clear  channels 

To  process  parts  printed  on  the  Forml+  (Fig  3A  and  3B),  devices  were  removed  from  the  build 
tray  and  submerged  in  91%  isopropyl  alcohol  for  3-5  minutes.  Compressed  air  was  blown  into 
each  inlet  for  10  seconds  to  remove  alcohol  and  uncured  resin.  Devices  were  then  submerged 
in  91%  isopropyl  alcohol  again  for  1  minute.  A  syringe  was  used  to  wash  each  channel  with  iso¬ 
propyl  alcohol.  Then,  compressed  air  was  blown  into  each  inlet  for  10  seconds.  Finally,  support 
material  on  each  device  was  removed. 

SW-FUD  devices  (Fig  3C)  were  submerged  in  hot  water  in  a  Magnasonic  ultrasonic  cleaner 
to  clear  wax  support  material.  The  devices  were  cleaned  for  several  minutes.  While  in  the  ultra¬ 
sonic  cleaner,  a  1  cc  syringe  (BD,  Franklin  Lakes,  New  Jersey)  with  a  23  gauge,  U”  dispensing 
needle  was  used  to  dispense  hot  water  through  the  channels.  After  cleaning,  channels  were 
tested  by  hand  using  the  same  syringe  and  needle. 

Measuring  device  cross  sections 

Cross  sections  were  prepared  by  cutting  post-processed  devices  using  high  leverage  handheld 
metal  snips.  The  sections  were  sanded  using  a  belt  sander.  Liquid  was  dispensed  and  com¬ 
pressed  air  was  blown  through  the  sectioned  channel  to  remove  any  debris  created  from 
sanding. 

To  determine  the  dimensions  of  the  internal  channels  of  the  Form  1+  and  SW-FUD  devices, 
4  cross  section  samples  were  measured  for  each  device  type  using  a  USB  optical  microscope 
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(SuperEyes  B008,  Shenzhen  D8cF,  Shenzhen,  China).  Images  were  measured  in  ImageJ.  To 
determine  the  scale  of  each  image,  a  known  length  on  the  image  was  measured  using  digital 
calipers. 

For  8  Forml+  samples,  each  circular  cross  section  was  measured  3  times.  For  4  SW-FUD 
samples,  the  square  side  length  was  measured  6  times,  3  times  horizontally  and  3  vertically.  To 
estimate  the  experimental  error  for  each  sample,  we  calculated  the  standard  deviation  of  the 
technical  replicates.  The  reaction  volume  of  each  SW-FUD  sample  was  calculated  by  squaring 
the  side  length  and  multiplying  by  the  expected  length  of  the  channel. 


Examining  surface  roughness  with  electron  microscopy 

To  examine  the  surface  roughness  of  the  two  printing  methods,  two  small  test  pieces  were 
designed.  The  test  pieces  featured  open  channels  of  300  and  1500  microns.  For  electron  micros¬ 
copy,  representative  samples  of  each  printing  method  for  each  test  piece  were  sputter  coated 
with  gold  and  examined  with  a  Tescan  Vega  GMU  Scanning  Electron  Microscope  (SEM). 


Design,  fabrication,  testing  &  operation  of  the  syringe  pump 

The  syringe  pump  was  designed  in  SolidWorks.  A  MakerBot  Replicator  2  (Makerbot  Indus¬ 
tries,  Brooklyn,  New  York)  was  used  to  print  parts  in  polylactic  acid  (PLA).  The  pump  used  a 
NEMA  17  bipolar  stepping  motor  with  200  steps  per  revolution  (Evil  Mad  Scientist  LLC,  Sun¬ 
nyvale,  California),  a  3/8”  threaded  rod  with  1/12”  in  pitch  (McMaster-Carr,  Elmhurst,  Illinois) 
and  a  custom  electronics  board  designed  in  Eagle  (Cadsoft  Computer  GmbH,  Pleiskirchen, 
Germany).  To  create  the  circuit  board,  4”  x  6”  FR1  circuit  board  blanks  (Inventables,  Chicago, 
Ulionis)  were  milled  using  a  Roland  Modela  MDX-20  CNC  mill  (Roland  DG  Corporation, 
Hamamatsu,  Japan).  The  electronic  components  were  then  soldered  into  place.  The  circuit 
board  was  connected  to  a  laptop  computer  by  USB  FTDI  cable.  The  Atmel  Atmega328P  micro¬ 
controller  was  bootloaded  with  Arduino  firmware  using  a  AVR  in-system  programmer.  A  full 
bill  of  materials  of  the  pump  is  in  S3  Table.  The  circuit  board  was  then  programmed  and  pow¬ 
ered  via  USB.  A  user  interface  for  the  pump  was  written  in  Processing.  To  operate  the  syringe 
pump,  the  user  inputted  their  desired  flow  rate  and  volume  into  the  interface  and  then  pressed 
“pull”  or  “push”  to  move  the  pump.  Operation  of  the  pump  is  diagrammed  in  S6  Fig. 


Preparing  fluidic  devices  for  biological  protocol 

Devices  printed  on  the  Forml+  were  additionally  cured  under  a  15  watt  fluorescent  UV  lamp 
for  24  hrs.  30  minutes  prior  to  running  the  biological  experiment,  both  devices  were  blocked 
with  bovine  serum  albumin  (BSA).  BSA  was  added  by  hand  into  each  device  using  a  syringe. 
After  30  minutes,  BSA  was  removed  from  the  channels  by  using  pressurized  air. 


World-to-device  interfacing 

Inlets  of  all  fluidic  devices  were  designed  to  allow  pipetting  reagents  into  inlet  wells.  Outlets 
were  designed  to  press-fit  with  a  Tygon  Microbore  tube  (0.060”  outer  diameter).  The  press-fit 
outlet-tube  connection  was  checked  for  leaks.  In  the  case  of  a  leaky  fit,  parafilm  was  used  to  cre¬ 
ate  an  airtight  fit.  The  outlet  tube  (Tygon  Microbore,  0.060”  OD,  10-15  cm  long)  was  con¬ 
nected  to  a  23-gauge,  Vi"  dispensing  needle  tip  8c  syringe  (1  mL  BD  Luer  Lok)  and  loaded  into 
the  syringe  pump. 


PLOS  ONE  |  DOI:1 0.1 371 /journal. pone. 01 43636  December  30,  2015 


11/18 


DNA  Assembly  in  3D  Printed  Fluidics 


Amplification  and  purification  of  DNA  parts 

The  plasmid  backbone  encoding  an  ampicillin-resistance  cassette  [50]  and  a  pl5A  origin  of 
replication  [51]  was  PCR  amplified  using  primers  that  comprised  (from  5’  to  3’):  a  Bsal  restric¬ 
tion  enzyme  recognition  site,  a  4bp  assembly  scar,  and  a  backbone-annealing  region.  Forward 
primer:  CGCGGGGGTCTCCAATGCCGTCTTCGCTTCCTCGCTC.  Reverse  primer:  GGTGCAGGT 
CTCGAAGCTGGTCTTCCAGTACAATCTGCTCTGATG. 

The  YFP  cassette  encoding  the  bacterial  PTac  promoter  [52],  ribozyme  insulator  RiboJ  [52], 
ribosomal  binding  site  B0064  [53],  yellow  fluorescent  protein  coding  sequence  [54],  and  tran¬ 
scriptional  terminator  L3S2P21  [55]  was  amplified  using  primers  that  comprised  a  Bsal  restric¬ 
tion  enzyme  recognition  site,  a  4bp  assembly  scar,  and  an  insert-annealing  region.  Forward 
primer:  CTAGCGGGTCTCAGCTTAACGATCGTTGGCTGTGTTGACAATTAATCATCGGC; 
reverse  primer:  TGCCCAGGTCTCTCATTGGACCAAAACGAAAAAAGGCCC. 

PCR  mixtures  were  set  up  that  contained  25  pL  KAPA  HiFi  HotStart  ReadyMix  (Kapa  Bio¬ 
systems,  Wilmington,  MA),  100  pmol  of  each  DNA  oligonucleotide  primer  (Integrated  DNA 
Technologies,  Coralville,  IA),  23  pL  of  sterile  water,  and  0.1  ng  of  double-stranded  DNA  tem¬ 
plate.  The  reactions  were  thermocylced  according  to  the  following  program:  (1)  95°C  for  3 
min,  (2)  98°C  for  20  seconds,  (3)  65°C  for  15  seconds,  (4)  72°C  for  1  minute,  (5)  repeat  steps 
2-5  25  times,  (6)  72°C  for  2  min.  PCR  amplicons  were  electrophoresed  on  a  1%  agarose  gel, 
excised  with  a  scalpel,  and  purified  using  a  Zymoclean  Gel  DNA  Recovery  Kit  (Zymo  Research, 
Irvine,  CA)  and  eluted  in  sterile  water.  The  concentration  of  each  purified  PCR  product  was 
measured  using  a  NanoDrop  1000  Spetrophotometer  (NanoDrop,  Wilmington,  DE). 

Golden  Gate  assembly  setup 

The  Golden  Gate  assembly  reaction  was  set  up  into  two  reaction  halves:  the  first  containing 
DNA  in  ligase  buffer,  and  the  second  containing  enzymes  in  ligase  buffer.  These  reaction  halves 
were  mixed  in  subsequent  steps.  Enzymes  and  buffer  were  purchased  from  New  England  Bio¬ 
labs,  Ipswich,  MA. 

DNA  solution  composition  (per  reaction): 

40  fmol  linear  plasmid  backbone  amplicon 
40  fmol  linear  YFP  insert 
1  pL  10X  T4  DNA  ligase  reaction  buffer 
Sterile  H20  to  10  pL 

Enzyme  solution  composition  (per  reaction): 

1  pL  Bsal 

1  pL  T4  DNA  ligase 

1  pL  10X  T4  DNA  ligase  reaction  buffer 
7  pL  sterile  FRO 


Experimental  protocol  for  devices  printed  using  the  Form  1  + 

Before  beginning  experiments,  devices  were  printed,  processed,  prepared  for  the  biological  pro¬ 
tocol  and  interfaced  with  tubes  to  the  syringe  pump  (see  protocols  above).  10  pL  of  DNA  solu¬ 
tion  and  10  pL  of  enzyme  solution  were  pipetted  into  separate  inlets.  40  pL  of  mineral  oil  was 
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pipetted  on  top  of  each  solution.  The  reagents  were  then  drawn  through  the  device  using  the 
syringe  pump  at  a  rate  of  5  pL  per  second  and  allowed  to  incubate  at  the  end  of  the  device  near 
the  outlet.  After  incubation,  the  reaction  product  was  drawn  into  the  outlet  tube  with  the 
syringe  by  hand  and  immediately  pushed  into  a  collection  tube  and  heat  inactivated  at  80°C. 
For  each  device,  we  also  tested  pre-mixed  reactions.  10  pL  of  DNA  solution  and  10  pL  of 
enzyme  solution  were  mixed  using  a  pipette  in  a  1.5  mL  Eppendorf  tube.  The  pre-mix  was  then 
pipetted  into  one  inlet.  80  pL  of  oil  was  pipetted  on  top  of  the  mixed  reagents.  The  other  inlet 
was  capped  using  parafilm.  Pre-mixed  reactions  were  similarly  drawn  through  the  device  and 
into  the  incubation  area  and  allowed  to  incubate  for  90  minutes.  A  negative  control  was  com¬ 
pleted  using  the  same  protocol  by  substituting  the  10  pL  of  enzyme  solution  with  10  pL  of  IX 
ligase  buffer. 

Experimental  protocol  for  devices  printed  usinq  Shapeways  Frosted 
Ultra  Detail 

SW-FUD  devices  were  cleared,  prepared  for  biological  protocol  and  interfaced  with  tubes  to 
the  syringe  pump.  5  pL  of  DNA  solution  and  5  pL  of  enzyme  solution  were  pipetted  into  sepa¬ 
rate  inlets.  10  pL  of  mineral  oil  was  pipetted  on  top  of  both  solutions  to  minimize  evaporative 
losses.  Using  the  syringe  pump,  the  two  solutions  were  drawn  through  the  device  at  a  rate  of 
1  pL  per  second  until  liquid  emerged  from  the  outlet  tube.  After  a  90-minute  incubation,  the 
outlet  tube  was  removed  and  replaced  with  a  new  tube.  Then,  the  reaction  product  was  drawn 
out  of  the  device  by  hand  using  a  syringe  and  immediately  pushed  into  a  collection  tube  and 
heat-inactivated  at  80°C. 

Pre-mix  reactions  and  negative  controls  were  also  completed  in  the  SW-FUD  devices.  For 
the  pre-mix  reactions,  5  pL  of  DNA  solution  and  5  pL  of  enzyme  solution  were  mixed  by 
micropipette  and  then  pipetted  into  one  inlet.  The  other  inlet  was  covered.  10  pL  of  mineral  oil 
was  pipetted  on  top.  The  mixture  was  drawn  into  the  device  at  1  pL  per  second  until  it  could  be 
seen  in  the  outlet  tube.  Post-incubation,  the  outlet  tube  was  replaced  and  the  remaining  pre¬ 
mix  reaction  and  oil  were  removed  from  the  inlet.  10  pL  of  de-ionized  water  was  added  to  the 
inlet.  The  reaction  product  in  the  device  and  the  DI  water  in  the  inlet  were  then  drawn  into  the 
outlet,  pushed  into  a  collection  tube  and  heat-inactivated  at  80  C.  A  negative  control  was  com¬ 
pleted  using  the  same  protocol,  except  5  pL  of  ligase  buffer  was  substituted  for  the  enzyme  solu¬ 
tion.  Detailed  visual  protocols  for  SW-FUD  devices  can  be  found  in  SI  Fig. 

Transformation  and  counting  colony-forming  units 

Heat-inactivated  assembly  mixtures  were  transformed  into  One  Shot  Machl  T1  Phage-Resis¬ 
tant  Competent  Cells  ( E .  coli  genotype:  F-  <p80(lacZ)AM15  AlacX74  hsdR(rK-mK+) 

ArecA1398  endAl  tonA;  Life  Technologies,  Carlsbad,  CA).  0. 6-5.0  pL  of  assembly  mixture  was 
added  to  50  pL  of  thawed  cells,  incubated  on  ice  for  35  minutes,  incubated  at  42°C  for  30  sec¬ 
onds,  placed  back  on  ice  for  2  minutes,  and  then  450  pL  of  SOC  media  were  added  to  the  cells. 
The  cells  were  allowed  to  recover  for  1  hour  in  a  shaking  incubator  at  37°C.  50  pL  of  recovery 
outgrowth  was  diluted  ten-fold  into  450  pL  SOC  three  times  to  obtain  IX,  10X,  100X  and 
1000X  dilutions.  150  pL  of  each  dilution  was  plated  onto  an  LB  agar  plate  with  100  pg/mL 
ampicillin  and  allowed  to  grow  overnight  at  37°C. 

The  following  day,  the  number  of  colonies  that  grew  on  each  agar  plate  corresponding  to 
the  1000X  dilution  was  tallied. 

For  sequencing,  fluorescent  colonies  were  picked  and  plasmid  DNA  was  purified.  The  fol¬ 
lowing  primers  were  used  for  sequencing:  Forward:  CGGTCACAGCTTGTCTGTAAGC.  Reverse: 
CATAGTAAGCCAGTATACACTCCGCTAG 
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Supporting  Information 

51  Fig.  Visual  protocol  for  running  pre-mix  and  on  device  mix  for  the  SW-FUD  device. 

(PDF) 

52  Fig.  Form  1+  and  SW-FUD  resolution  test  piece.  (A)  CAD  file  of  resolution  test  piece.  Side 
views  of  printed  Form  1+  (B)  and  SW-FUD  (C)  resolution  test  pieces.  Visualization  of  cleared 
circular  fluid  channels  in  the  Form  1+  (D)  and  SW-FUD  (E)  resolution  test  pieces.  Close-in 
images  of  a  resolution  test  piece  printed  on  the  Form  1+  (F-J)  and  SW-FUD  (K-O).  Scale  bar:  1 
mm.  All  images  except  D  &  E  were  taken  using  a  SuperEyes  B008  USB  Microscope  (Shenzhen 
D&F  Co,  Ltd,  Shenzhen,  China).  D  &  E  were  taken  using  a  Canon  EOS  7D  Digital  SLR  camera. 
(PDF) 

53  Fig.  Cross  sections  of  fluidic  devices.  Cross-sections  were  taken  of  the  Forml+  Co-Lami¬ 
nar  Mixer  devices  (A-D),  Form  1+  3D  Micromixer  devices  (E-H),  and  SW-FUD  Co-Laminar 
Mixer  device  (I-L).  Scale  bar:  0.5  mm.  All  images  were  taken  using  a  SuperEyes  B008  USB 
Microscope  (Shenzhen  D&F  Co,  Ltd,  Shenzhen,  China).  Measurements  of  the  channel  dimen¬ 
sion  (diameter  for  the  circle  &  side  length  for  the  square  channel)  can  be  found  in  Table  SI. 
(PDF) 

54  Fig.  Design  iterations  of  each  fluidic  device.  SW-FUD  Co-Laminar  Mixer  (Top),  Form  1 
+  Co-Laminar  Mixer  (Middle),  and  Form  1+  3D  Micromixer  (Bottom).  The  rightmost  itera¬ 
tion  of  each  design  was  used  for  DNA  assembly. 

(PDF) 

55  Fig.  3D  printed  syringe  pump.  A  bespoke  syringe  pump  and  user  interface  was  designed 
and  fabricated  for  this  experiment.  The  syringe  pump  was  used  to  pull  the  two  inputs  through 
the  device  at  1  and  5  uL/sec.  The  syringe  pump  is  composed  of  several  parts  (S7  Fig),  including 
3D  printed  mechanical  pieces,  a  custom  designed  and  fabricated  circuit  board  (S9  Fig),  and  a 
software  user  interface  (S10  Fig).  The  CAD  designs  and  software  for  the  syringe  pump  have 
been  made  openly  available.  The  total  cost  of  the  pump  was  $56.33  (S2  Table)  and  the  3D 
printed  components  can  each  be  printed  in  less  than  3  hours.  Photo  credit:  Taylor  Levy  and 
Che-Wei  Wang. 

(PDF) 

56  Fig.  Operation  of  the  syringe  pump.  From  Top  to  Bottom:  A  user  interface  (UI)  (S10  Fig) 
was  designed  in  Processing  and  enabled  the  user  to  control  the  syringe  pump.  Depending  on 
the  desired  pumping  direction,  flow  rate  &  volume  and  the  hardware  settings  (syringe  ID, 
thread  dimension,  steps  per  revolution  of  the  motor),  the  UI  sent  a  G  CODE  command  to  the 
electronics  firmware  with  the  desired  motor  rotation  direction,  speed  and  number  of  steps.  The 
circuit  board  (S9  Fig)  received  the  G  Code  command  and  translated  it  into  electronic  motor 
controls  that  moved  the  stepper  a  certain  number  of  steps  at  the  desired  speed  and  in  the 
desired  direction.  Each  motor  step  moved  the  syringe  a  small  distance;  pushing  a  small  amount 
of  fluid  in  or  out  of  the  dispensing  needle  top. 

(PDF) 

57  Fig.  Syringe  pump  components.  From  top  to  bottom:  USB-FTDI  cable;  3D  printed  circuit 
board  case  top  and  bottom  (optional);  Milled  electronic  control  board;  Bi-polar  stepper  motor, 
threaded  rod  &  3D  printed  adapter;  3D  printed  base;  3D  printed  mid-section;  3D  printed  top; 
2-lcc  syringes  with  23  gauge  luer  lock  dispensing  needles  connected  to  3D  printed  fluidic 
device  using  0.060”  OD  Tygon  Microbore  tubing. 

(PDF) 
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58  Fig.  Modular  components  of  the  syringe  pump.  (Left)  The  base  of  the  pump  includes  the 
Nema  17  stepper  motor,  a  3D  printed  connector,  and  the  3D  printed  base.  The  motor  press  fits 
into  the  3D  printed  base.  The  lcc  configuration  was  used  in  the  DNA  assembly  experiments. 
The  Mid  &  Top  pieces  were  modified  to  accommodate  10  and  lOOcc  syringes. 

(PDF) 

59  Fig.  Syringe  pump  control  board.  The  circuit  board  traces  were  milled  using  a  Roland 
Modela  MDX-20  CNC  mill.  Serial  commands  from  the  Processing  UI  and  5V  DC  were  trans¬ 
mitted  to  the  circuit  board  via  FTDI  USB  TTL  Serial.  The  board  used  a  ATMega  328P  (Atmel, 
San  Jose,  California)  microcontroller  that  was  programmed  via  an  AVRISP.  The  ATMega  328P 
was  bootloaded  with  Arduino  and  used  the  AccelStepper  library  to  send  commands  to  an  Alle¬ 
gro  A3909  Dual  Stepping  Motor  driver.  A  heat  sink  was  attached  to  the  top  of  the  A3909 
driver.  The  arduino  code  is  available  in  the  online  supplementary  information. 

(PDF) 

S10  Fig.  Syringe  pump  user  interface.  The  interface  was  written  using  Processing  and  com¬ 
municated  to  the  circuit  board  (S9  Fig)  via  USB  TTL  Serial  commands.  In  the  interface,  the 
user  specified  parameters  of  the  syringe  pump:  thread  size,  steps  per  revolution  of  the  motor, 
and  the  inner  diameter  of  the  syringe.  These  values  were  used  to  compute  a  volume  moved  per 
step.  To  control  the  pump,  the  user  inputted  a  desired  flow  rate  &  flow  volume  and  then  clicked 
“Pull”  or  “Push”  to  move  the  pump  accordingly.  The  processing  code  is  available  in  the  online 
supplementary  information. 

(PDF) 

SI  File.  Syringe  pump  software  (SI_Arduino_Code.ino,  SI_Processing_Code.pde),  STL  files 
for  the  syringe  pump  (SI_Base.STL,  SI_Case_Bottom,  SI_Case_Top.STL,  SI_FL_CL.STL, 
SI_Mid-lcc.STL,  SI_Top-lcc.STL),  STL  file  for  Shapeways  Frosted  Ultra  Detail  co-laminar 
mixer  (SI_SW-FUD_CL.STL),  STL  files  for  Formlabs  co-laminar  and  micromixer  (SI_FL_CL. 
STL,  SI_FL_MM.STL),  Resolution  test  piece  for  printing  characterization  (SI_ResolutionTest. 
STL),  and  printing  test  pieces  for  SEM  imaging  (SI_300_test.STL  &  SI_1500_test.STL). 

(ZIP) 

51  Table.  Dimensions  of  SW-FUD  and  Form  1+  cross  sections  (S3  Fig). 

(PDF) 

52  Table.  Syringe  pump  bill  of  materials.  This  does  not  take  into  account  the  upfront  cost  of 
buying  machines  and  tools  used  to  fabricate  the  pump.  The  cost  of  the  3D  printed  syringe 
pump  components  was  calculated  by  measuring  the  mass  of  filament  used  and  multiplying 
that  by  the  material  price  per  unit  mass. 

(PDF) 

53  Table.  Full  dataset. 

(PDF) 

Acknowledgments 

We  would  like  to  acknowledge  the  following  centers  and  individuals  for  their  guidance 
throughout  this  project.  The  students  of  the  MIT  IAP  course,  Open-Source  Microfluidics  for 
Synthetic  Biology.  The  initial  fluidic  designs  and  DNA  assemblies  were  completed  as  a  part  of 
this  course.  The  MIT  Lincoln  Laboratory  Beaver  Works  Center  for  providing  laboratory  space 
for  3D  printing  and  processing  parts.  The  MIT  Synthetic  Biology  Center  for  providing  initial 
laboratory  space  for  DNA  assembly  experiments.  The  MIT  Center  of  Bits  and  Atoms  for  advice 


PLOS  ONE  |  DOI:1 0.1 371 /journal. pone. 01 43636  December  30,  2015 


15/18 


DNA  Assembly  in  3D  Printed  Fluidics 


on  sectioning  the  devices  for  microscopy  and  use  of  optical  microscopy  equipment.  Maria  Isa¬ 
bella  Gariboldi  for  help  with  designing  the  resolution  test  piece  and  clearing  channels  of  some 
of  the  SW-FUD  devices.  James  Weaver  (Wyss  Institute  for  Biologically  Inspired  Engineering, 
Harvard)  took  the  SEM  images  of  the  3D  printed  test  pieces.  This  work  is  sponsored  by  the 
Assistant  Secretary  of  Defense  for  Research  &  Engineering  under  Air  Force  Contract  #FA8721- 
05-C-0002.  Opinions,  interpretations,  conclusions  and  recommendations  are  those  of  the 
author  and  are  not  necessarily  endorsed  by  the  United  States  Government. 


Author  Contributions 

Conceived  and  designed  the  experiments:  WGP  AAKN  PAC  DSK.  Performed  the  experiments: 
WGP  AAKN  TJL  CW.  Analyzed  the  data:  WGP  AAKN.  Contributed  reagents/materials/analy¬ 
sis  tools:  NO  CAV  DSK.  Wrote  the  paper:  WGP  AAKN  SJK  TJL  CW  JJR  OMP  PAC  CAV  NO 
DSK. 


References 

1.  Khalil  AS,  Collins  JJ.  Synthetic  biology:  applications  come  of  age.  Nat  Rev  Genet.  Nature  Publishing 
Group;  2010;  11:367-79.  doi:  10. 1038/nrg2775 

2.  Cheng  A  a.,  Lu  TK.  Synthetic  Biology:  An  Emerging  Engineering  Discipline.  Annu  Rev  Biomed  Eng. 
2012;  14: 155-178.  doi:  10.1 146/annurev-bioeng-071 81 1-1501 18  PMID:  22577777 

3.  Weber  W,  Fussenegger  M.  Emerging  biomedical  applications  of  synthetic  biology.  Nat  Rev  Genet. 
Nature  Publishing  Group;  2012;  13:  21-35.  doi:  10.1038/nrg3094 

4.  Cermak  T,  Doyle  EL,  Christian  M,  Wang  L,  Zhang  Y,  Schmidt  C,  et  al.  Efficient  design  and  assembly  of 
custom  TALEN  and  other  TAL  effector-based  constructs  for  DNA  targeting.  Nucleic  Acids  Res.  2011; 
39:  e82.  doi:  10.1 093/nar/gkr21 8  PMID:  21493687 

5.  Zhang  F,  Cong  L,  Lodato  S,  Kosuri  S,  Church  GM,  Arlotta  P.  Efficient  construction  of  sequence-specific 
TAL  effectors  for  modulating  mammalian  transcription.  Nature.  201 1 ;  29: 149-154. 

6.  Weber  E,  Engler  C,  Gruetzner  R,  Werner  S,  Marillonnet  S.  A  modular  cloning  system  for  standardized 
assembly  of  multigene  constructs.  PLoS  One.  2011;  6.  doi:  10. 1371 /journal. pone. 001 6765 

7.  Smanski  MJ,  Bhatia  S,  Zhao  D,  Park  Y,  B  A  Woodruff  L,  Giannoukos  G,  et  al.  Functional  optimization  of 
gene  clusters  by  combinatorial  design  and  assembly.  Nat  Biotechnol.  Nature  Publishing  Group;  2014; 
32.  doi:  10.1038/nbt.3063 

8.  Farasat  I,  Kushwaha  M,  Collens  J,  Easterbrook  M,  Guido  M,  Salis  HM.  Efficient  search,  mapping,  and 
optimization  of  multi-protein  genetic  systems  in  diverse  bacteria.  Mol  Syst  Biol.  2014;  10:  731.  doi:  10. 

1 5252/msb.201 34955  PMID:  24952589 

9.  Engler  C,  Gruetzner  R,  Kandzia  R,  Marillonnet  S.  Golden  gate  shuffling:  A  one-pot  DNA  shuffling 
method  based  on  type  ils  restriction  enzymes.  PLoS  One.  2009;  4.  doi:  10.1 371/journal. pone.0005553 

10.  Engler  C,  Kandzia  R,  Marillonnet  S.  A  one  pot,  one  step,  precision  cloning  method  with  high  throughput 
capability.  PLoS  One.  2008;  3:  e3647.  doi:  10.1371/journal. pone.0003647  PMID:  18985154 

1 1 .  Kong  DS,  Carr  P  a,  Chen  L,  Zhang  S,  Jacobson  JM.  Parallel  gene  synthesis  in  a  microfluidic  device. 
Nucleic  Acids  Res.  2007;  35:  e61 .  doi:  10.1 093/nar/gkm121  PMID:  17405768 

12.  Pluang  MC,  Ye  FI,  Kuan  YK,  Li  M-H,  Ying  JY.  Integrated  two-step  gene  synthesis  in  a  microfluidic 
device.  Lab  Chip.  2009;  9:  276-85.  doi:  10.1039/b807688j  PMID:  19107285 

13.  Quan  J,  Saaem  I,  Tang  N,  Ma  S,  Negre  N,  Gong  H,  et  al.  Parallel  on-chip  gene  synthesis  and  applica¬ 
tion  to  optimization  of  protein  expression.  Nat  Biotechnol.  201 1 ;  29:  449-52.  doi:  10.1038/nbt.1847 
PMID:  21516083 

14.  LinshizG,  Stawski  N,  Goyal  G,  Bi  C,  Poust  S,  Sharma  M,  et  al.  PR-PR:  Cross-platform  laboratory  auto¬ 
mation  system.  ACS  Synth  Biol.  2014;  3:  515-524.  doi:  10.1 021 /sb4001 728  PMID:  25126893 

15.  AuAK,  LeeW,  FolchA.  Mail-order  microfluidics:  evaluation  of  stereolithography  for  the  production  of 
microfluidic  devices.  Lab  Chip.  2014;  14:  1294-301.  doi:  10.1039/c3lc51360b  PMID:  24510161 

16.  Kitson  PJ,  Rosnes  MH,  Sans  V,  Dragone  V,  Cronin  L.  Configurable  3D-Printed  millifluidic  and  microflui¬ 
dic  “lab  on  a  chip”  reactionware  devices.  Lab  Chip.  2012;  12:  3267-71.  doi:  10.1039/c2lc40761b  PMID: 

22875258 


PLOS  ONE  |  DOI:  10. 1371 /journal. pone. 01 43636  December  30,  2015 


16/18 


ONE 


DNA  Assembly  in  3D  Printed  Fluidics 


PLOS 


17.  Krejcova  L,  Nejdl  L,  Rodrigo  MAM,  Zurek  M,  Matousek  M,  Hynek  D,  et  al.  3D  printed  chip  for  electro¬ 
chemical  detection  of  influenza  virus  labeled  with  CdS  quantum  dots.  Biosens  Bioelectron.  Elsevier; 

201 4;  54:  421-7.  doi:  10.101 6/j.bios.201 3. 1 0.031 

18.  Bhargava  KC,  Thompson  B,  MalmstadtN.  Discrete  elements  for  3D  microfluidics.  Proc  Natl  Acad  Sci. 
2014;  111:  15013-15018.  doi:  10.1073/pnas.14147641 1 1  PMID:  25246553 

19.  Shallan  Al,  Smejkal  P,  Corban  M,  Guijt  RM,  Breadmore  MC.  Cost-Effective  Three-Dimensional  Printing 
of  Visibly  T ransparent  Microchips  within  Minutes.  Anal  Chem.  2014; 

20.  Au  AK,  Bhattacharjee  N,  Horowitz  LF,  Chang  TC,  Folch  A.  3D-printed  microfluidic  automation.  Lab 
Chip.  2015;  15:  1934-1941 .  PMID:  25738695 

21.  Rogers  Cl,  Qaderi  K,  Woolley  AT,  Nordfin  GP.  3D  printed  microfluidic  devices  with  integrated  valves. 
Biomicrofluidics.  2015;  016501: 1-10. 

22.  Anderson  KB,  Lockwood  SY,  Martin  RS,  Spence  DM.  A  3D  printed  fluidic  device  that  enables  inte¬ 
grated  features.  Anal  Chem.  2013;  85:  5622-5626.  doi:  10.1021/ac4009594  PMID:  23687961 

23.  Erkal  JL,  Selimovic  A,  Gross  BC,  Lockwood  SY,  Walton  EL,  McNamara  S,  et  al.  3D  printed  microfluidic 
devices  with  integrated  versatile  and  reusable  electrodes.  Lab  Chip.  2014;  14:  2023-32.  doi:  10.1039/ 
c4lc001 71  k  PMID:  24763966 

24.  Lee  KG,  Park  KJ,  SeokS,  Shin  S,  Kim  DH,  Park  JY,  et  al.  3D  printed  modules  for  integrated  microfluidic 
devices.  RSC  Adv.  201 4;  4:  32876.  doi:  1 0.1 039/C4RA05072J 

25.  Chen  C,  Wang  Y,  Lockwood  SY,  Spence  DM.  3D-printed  fluidic  devices  enable  quantitative  evaluation 
of  blood  components  in  modified  storage  solutions  for  use  in  transfusion  medicine.  Analyst.  201 4;  1 39: 
3219-26.  doi:  10.1039/c3an02357e  PMID:  24660218 

26.  Https://printm3d.com/.  M3D  [Internet],  Available:  https://printm3d.com/.  Accessed  22  Dec  2014. 

27.  Www.formlabs.com.  Formlabs  [Internet],  Available:  www.formlabs.com. 

28.  Http://spark.autodesk.com/ember.  Spark  |  Ember  3D  Printer  [Internet].  Available:  http://spark.autodesk. 
com/ember.  Accessed  22  Dec  201 4. 

29.  Http://www. shapeways.com.  Shapeways  [Internet].  201 4.  Available:  http://www.shapeways.com. 

30.  Http://www.thingiverse.com/thing:1483.  DremelFuge — A  One-Piece  Centrifuge  for  Rotary  Tools  by 
cathalgarvey — Thingiverse  [Internet],  2009  Available:  http://www.thingiverse.eom/thing:1483. 
Accessed  22  Dec  2014. 

31 .  Zhang  C,  Anzalone  NC,  Faria  RP,  Pearce  JM.  Open-source  3D-printable  optics  equipment.  PLoS  One. 
2013;  8:  e59840.  doi:  10.1371/journal.pone.0059840  PMID:  23544104 

32.  Wijnen  B,  Hunt  EJ,  Anzalone  GC,  Pearce  JM.  Open-source  syringe  pump  library.  PLoS  One.  2014;  9: 
e107216.  doi:  10.1371/joumal.pone,0107216  PMID:  25229451 

33.  http://www.thingiverse.eom/thing:210756.  Syringe  pump  0.3  ml  intradermal  [Internet],  2013.  Available: 
http://www.thingiverse.eom/thing:21 0756.  Accessed  9  Apr  201 5. 

34.  Anzalone  GC,  Glover  AG,  Pearce  JM.  Open-source  colorimeter.  Sensors  (Basel).  2013;  13:  5338-46. 
doi:  10.3390/si  30405338 

35.  Takahashi  CN,  Miller  AW,  Ekness  F,  Dunham  MJ,  Klavins  E.  A  Low  Cost,  Customizable  Turbidostat  for 
Use  in  Synthetic  Circuit  Characterization.  ACS  Synth  Biol.  2015; 

36.  Liao  Y,  Song  J,  Li  E,  Luo  Y,  Shen  Y,  Chen  D,  et  al.  Rapid  prototyping  of  three-dimensional  microfluidic 
mixers  in  glass  by  femtosecond  laser  direct  writing.  Lab  Chip.  2012;  12:  746-9.  doi:  10.1039/ 
c2lc21 01 5k  PMID:  22231 027 

37.  Carriere  P.  On  a  three-dimensional  implementation  of  the  baker’s  transformation.  Phys  Fluids.  2007; 

1 9: 1 1 81 1 0.  doi:  1 0. 1 063/1 .2804959 

38.  Baden  T,  Chagas  AM,  Gage  G,  MarzulloT,  Prieto-Godino  LL,  Euler  T.  Open  Labware:  3-D  Printing 
Your  Own  Lab  Equipment.  PLOS  Biol.  2015;  13:  e1002086.  doi:  10. 1371/journal. pbio. 1002086  PMID: 
25794301 

39.  Http://openpcr.org/.  OpenPCR  [Internet],  Available:  http://openpcr.org/.  Accessed  22  Dec  2014. 

40.  Http://www. miicraft.com/.  MiiCraft  [Internet],  Available:  http://www.miicraft.com/. 

41 .  Http://www. kudo3d.com/.  Kudo3D  [Internet].  Available:  http://www.kudo3d.com/. 

42.  Http://www. 3dsystems.com/es/projet1 200.  ProJet"11 1200  |  www.3dsystems.com  [Internet],  Available: 
http://www.3dsystems.com/es/projet1 200.  Accessed  24  Dec  2014. 

43.  Http://n-e-r-v-o-u-s.com/blog/?p=3937.  A  visit  to  Shapeways  NY  factory!  |  Nervous  System  blog  [Inter¬ 
net],  2013.  Available:  http://n-e-r-v-o-u-s.com/blog/?p=3937.  Accessed  23  Dec  2014. 


PLOS  ONE  |  DOI:  10. 1371 /journal. pone. 01 43636  December  30,  2015 


17/18 


DNA  Assembly  in  3D  Printed  Fluidics 


44.  Keating  S.  Beyond  3D  Printing  :  The  New  Dimensions  of  Additive  Fabrication.  In:  Follett  J,  editor. 
Designing  for  Emerqinq  Technoloqies:  UX  for  Genomics,  Robotics,  and  the  Internet  of  Things.  O’Reilly 
Media;  2015.  pp.  379-405. 

45.  Kuo  JS,  Chiu  DT.  Disposable  microfluidic  substrates:  transitioning  from  the  research  laboratory  into  the 
clinic.  Lab  Chip.  201 1 ;  1 1 :  2656-2665.  doi:  1 0.1 039/cl  Ic20125e  PMID:  21727966 

46.  Chin  CD,  Linder  V,  Sia  SK.  Commercialization  of  microfluidic  point-of-care  diagnostic  devices.  Lab 
Chip.  2012;  12:  2118.  doi:  10.1039/c2lc21204h  PMID:  22344520 

47.  Ahn  CH,  Choi  J-W,  Beaucage  G,  Nevin  JH,  Lee  J-B,  Puntambekar  A,  et  al.  Disposable  Smart  Lab  on  a 
Chip  for  Point-of-Care  Clinical  Diagnostics.  Proc  IEEE.  2004;  92: 154-173.  doi:  10.1 109/JPROC. 2003. 
820548 

48.  Wang  J,  Chen  Z,  Corstjens  PL  a  M,  Mauk  MG,  Bau  HH.  A  disposable  microfluidic  cassette  for  DNA 
amplification  and  detection.  Lab  Chip.  2006;  6:  46-53.  doi:  10.1 039/b51 1494b  PMID:  16372068 

49.  Chen  Z,  Mauk  MG,  Wang  J,  Abrams  WR,  Corstjens  PL  a  M,  Niedbala  RS,  et  al.  A  microfluidic  system 
for  saliva-based  detection  of  infectious  diseases.  Ann  N  Y  Acad  Sci.  2007;  1 098:  429^f36.  doi:  1 0. 

1196/annals.l 384.024  PMID:  17435147 

50.  Sutcliffe  JG.  Nucleotide  sequence  of  the  ampicillin  resistance  gene  of  Escherichia  coli  plasmid 
pBR322.  Proc  Natl  Acad  Sci  U  S  A.  1 978;  75:  3737-3741 .  doi:  10.1073/pnas.75.8.3737  PMID:  358200 

51.  Lutz  R,  Bujard  H.  Independent  and  tight  regulation  of  transcriptional  units  in  escherichia  coli  via  the 
LacR/O,  theTetR/Oand  AraC/11-12  regulatory  elements.  Nucleic  Acids  Res.  1997;  25: 1203-1210.  doi: 

10.1 093/nar/25. 6.1 203  PMID:  9092630 

52.  Lou  C,  Stanton  B,  Chen  Y-J,  Munsky  B,  Voigt  CA.  Ribozyme-based  insulator  parts  buffer  synthetic  cir¬ 
cuits  from  genetic  context.  Nature  Biotechnology.  2012.  doi:  10.1038/nbt.2401 

53.  Http://parts.igem.org/Part:BBa_B0064.  Part:BBa_B0064  [Internet],  2008.  Available:  http://parts.igem. 
org/Part:BBa_B0064. 

54.  Cormack  BP,  Valdivia  RH,  Falkow  S.  FACS-optimized  mutants  of  the  green  fluorescent  protein  (GFP). 
Gene.  1996;  173:  33-38.  doi:  10.1016/0378-1119(95)00685-0  PMID:  8707053 

55.  Chen  Y-J,  Liu  P,  Nielsen  A  a  K,  Brophy  J  a  N,  Clancy  K,  Peterson  T,  et  al.  Characterization  of  582  natu¬ 
ral  and  synthetic  terminators  and  quantification  of  their  design  constraints.  Nat  Methods.  201 3;  1 0: 
659-64.  doi:  1 0.1 038/nmeth.251 5  PMID:  23727987 


PLOS  ONE  |  DOI:  10. 1371 /journal. pone. 01 43636  December  30,  2015 


18/18 


